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Abstract
TheWesthoeknaturereserveisaduneareasituatedalongtheFrench-Belgianborder.Belowthedunesa
fresh-waterl nsisfound.Aparticulardistributionfsalt-wateroccurringabovefresh-waterisfoundunder
theadjacentshore.Thislessknownwaterqualitydistributionis indynamicequilibrium.A 2Ddensity
dependentgroundwaterflowmodelwasmadeusingtheMOCDENS3Dcode.First,thegroundwaterflow
andwaterqualityevolutionundertheshoreandinthedunesaremodelled.Thenthepossibleimpactof
sealevelriseissimulatedforanumberofdifferentscenarios.Thesescenariosreflectdifferentreactionsof
coastalmorphologyandhumani terventiononthesealevelrise.Dependingonthescenario,theextent
oftheshore'ssalt-waterlenscanincrease,decreaseofevencompletelydisappear.Simultaneously,the
extentofthedune'sfresh-waterl nscansignificantlybealtered.Thesimulationsillustratesalso,besides
theeffectsofsealevelrise,thatchangesinboundaryconditions(drainagel vels,horemorphology,sea
waterlevel),eithernaturalorhumani duced,canimportantlya terthewaterqualitydistribution.Because
ofthehighecologicalvalueoftheareaandthedune'simportancefordrinkingwaterproduction,these
changesshouldbewellstudiedbeforehand.
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Introduction
TheWesthoeknaturereserveissituatedonthemostwesternpointoftheBelgiancoastalongtheFrench-
Belgianborder(Figure1).Itisaduneareaofabout340hainsizeandisoneofthelastunfragmented
duneareasalongtheBelgiancoast.TheWesthoekdunesarepartofthenorth-westernEuropeancoastal
dunes,whichformalong,narrowdunestripfromCalais(France)tothenorthofDenmark.Since1957the
Westhoekdunesaredesignatedasa statenaturereserveandarecurrentlyin handsof theNature
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Departmentof heMinistryoftheFlemishCommunity.Theecologicalvalueofthenaturereserveand
adjacentshoreisrecognisedtobehighbecauseof itshighdiversityoffauna ndflora.Fresh-wateris
presentinthephreaticduneaquifer.Therefore,thenaturereservesborderingduneareasarealsothe
primarysourcefordrinkingwaterproductioninthearea.
Inthesouth,alowlayinghinterland,apolderarea,boundsthedunes.Salt-waterispresentinthepolder.
TheshorebetweentheWesthoekdunesandtheseaisoneofthewidestinBelgium(between500and
600m)andhaslowangledip.Itisatidaldominatedsandyrunnelandridgebeach.Themeantidalrange
is4.08m,whichis relativelylarge.A salt-waterlensabovefresh-water,p esentundertheshore,was
observedandstudiedbyLebbe(1978,1981,1983,1999).Itwasshownthatasalt-waterlensispresent
undertheshoreabovea fresh-watertonguemanatingfromthedunestowardsthesea.Thisinverse
densitydistributionisinadynamicalequilibrium.
ThelowersubstratumofthephreaticaquiferisformedbyclayoftheKortrijkFormation,leperGroup.Itis
ofearlyEoceneageandisconsideredasimpermeableforthisstudy.Thelowerpartoftheaquiferconsists
ofmediumtocoarsemediumsandsofEemianage.ThelargerpartoftheaquiferisformedbyHolocene
fine-mediumsandsinwhichlensesofsilty-finesandcanoccur.Thetopoftheaquiferconsistsofmedium
sands.Generally,theaquiferbecomesmoreheterogeneousgoingineasterndirectionfromtheFrench-
Belgianborder.
Inthispaperthedevelopmentof hewaterqualitydistributionin thedunesandundertheshoreis
modelledusingthedensitydependentgroundwaterflowmodelMOCDENS3D.Secondly,theimpactof
expectedsealevelchangesonthisdistributionissimulatedforthreedifferentscenarios:(1)a coastal
defenceispresentbetweentheshoreandthedunes,(2)acoastaldefenceispresentbetweentheshore
anddunesandtheshoreisheightenedand(3)thecoastlineisretreating.
Evolutionto thecurrentsituation
TheMOCDENS3Dcode(OudeEssink,1998,2001)isused.It isbasedonthethree-dimensionalsolute
transportcomputercodeMOC3D(KonikowetaI.,1996),butadaptedfordensitydifferences.
A 2Dmodelismadesimulatingthegroundwaterflowinthepolder,dunesandundertheshoreinacross-
sectionperpendicularonthecoastline.Themodelconsistsof30layersand330columns,sothegridhas
9900cells.Everycellhasawidthof10mandthethicknessofeverylayeris1.0m.So,themodelgridis
3300minwidthand30mdeep.Itisdividedinfourparts,columns1to75representsthepolder,columns
76to245thedunes,columns246to299theshoreandcolumns300to330thesea.Theaquiferis
boundedbelowbyclayof theKortrijkFormation,whichisconsideredimpermeablehere.Thevertical
boundaryinthepolderisaconstantsalt-waterheadboundaryecalculatedocorrespondingfresh-water
heads.Theupperboundaryis locatedinthepolder.dunes,ontheshoreandthesea.Inthepoldera
rechargeof280mm/yearisusedanddrainagetoacertaindrainagel vel(seefurther).Inthedunesa
constantverticalf owboundaryis assumedwitha rechargerateof 280mmfresh-waterperyear.A
constantheadboundaryissetontheshoreandthesea.Thevaluesofthesefresh-waterheadswere
deducedfrommeasurementsmadeontheshore(lebbe,1981).Theyrangefrom4.5mTAW(mTAWisthe
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Belgianordnancedatumreferringtomeanlowwaterlevel,about2.3mbelowmeansealevel)onthe
dune/shoretransitionto2.36mTAWontheshore/seatransition.Thefresh-waterheadfurtherseaward
correspondswiththemeansealevelof2.36mTAW.Theseawardverticalboundaryisanimpermeable
boundary.
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Horizontalhydraulicconductivityofalllayersinthedunesandundertheshoreandseais10.0mIdand
verticalhydraulicconductivityis0.1mId.Horizontalhydraulicconductivityforlayersinthepoldersi
6.5midanditsverticalhydraulicconductivitys 0.065mId.Longitudinal,transversehorizontalnd
transversev rticaldispersivityarerespectively0.2m,0.02mand0.002m.Effectiveporosityis0.38.At
thebeginningofthesimulation,thegroundwaterr servoiriscompletelyfilledwithsalt-water.Thissalt-
waterhasaTDSof27000mg/Landadensityof1019kg/m3.ThefreshreplacementwaterhasaTDSof
500mg/Landadensityof1000kg/m3,resultinginabuoyancyof0.019.A timeperiodof700yearsis
simulatedinonestressperiodividedin5600timestepsof0.125year.Itisherebyconsideredthatfrom
1300ADonwardtheseahadnopermanentaccessinthedunes.A generaloverviewoftheevolutionof
theBelgiancoastalplaincanbefoundinVandenbohedeet al. (2005).Aftereachtimestepthe
groundwaterflowisrecalculatedakingintoaccountthesalt-fresh-waterdistributionfromtheprevious
timestep.Sixteenparticlesareplacedpercellandthefresh-waterheadchangecriterionforconvergence
is0.1mm.
Figure2showstheresultsofthesimulationfthewaterqualityevolutiontothecurrentsituation.Dueto
therechargeoffresh-water,afresh-waterl nsdevelopsunderthedunes.Thisfresh-waterl nsisalmost
completelyformedinthefirst200years.Awaterdivideispresentintheduneswherebypartofthedune's
rechargewaterflowstowardstheseaandparttowardsthepolder.Fresh-wateralsorechargesinthe
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Figure 2.Evolutionfwaterqualitydistributioninthepolder,dunesandundertheshoreandsea.Thesimulation
startsin 1300ADand500yearsimulationtimecorrespondswith1800AD,700yearswith2000ADorthe
currentsituation.Linesof constantfresh-waterheadare indicatedtogetherwith isoconcentrationlinesand
groundwaterflow and its velocityusing arrows.
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polder.Almostallofthiswateris,however,drainedimmediatelysothathegroundwaterr servoirremains
filledwithsalt-water.Salt-wateralsorechargesonthebackshoreduringhightide.Duetothehydraulic
gradientontheshore,thissalt-waterflowsoutontheforeshoreandseabed,principallyduringlowtide.
Duetothehydraulicgradientbetweenthedunesandthemeansealevel,fresh-waterflowsfromthedunes
towardsthesea.This,withtherechargeofsalt-wateronthebackshore,l adstothedevelopmentofasalt-
waterlensaboveafresh-waterongueundertheshore.Thesimulationsal oshowthathiswaterquality
distributionispresentfromabout200yearsafterthestartofthesimulationmeaningthathenowadays-
observedwaterqualitydistributionisinadynamicalequilibrium.
Drainagelevelsinthepoldersalteredinrecenthistoricaltimes.Before1800AD(simulationtime500years)
thislevelisestimateobe3.0mTAW.Around1800ADthedrainagesystemwasamelioratedbythe
constructionofafewlargerchannelsandthedrainagel velbecame2.4mTAW(simulationtimebetween
500and700years).Thishasitseffectsonthegeneralwaterqualitydistribution.Thewaterdiveinthe
duneshifts640meterseawards.Therefore,l ssfreshdunewaterflowstowardstheseadiminishingthe
dimensionsof thefresh-watertongueandenlargingthedimensionsof thesalt-waterlens.So,the
combinationf a largeshorewithlowrelief,a relativelyargetidalamplitudeanda permeable
groundwaterr servoirmakesthatheobservedinversedensitydistributioncameintoexistence.
Sealevelrise
Theeffectsofasealevelriseof0.4mpercenturyareinvestigatedwiththemodel.Thisrateofsealevel
riseisinlinewiththe'Businessa Usual'scenariooftheIntergovernmentalPanelonClimateChange
(HoughtonetaI.,1990).Thisscenarioc nsiderstheeffectswhennoactivestepsaretakentolimitC02
andothergreenhousegasreleasesandotherconditions{littleisdonetopromoteenergy-savingmeasures,
worldenergysuppliesremainheavilydependentonfossilfuels,tropicaldeforestationc tinued...)remain
thesame.Threedifferentscenariosweremodelled.
Ina firstscenariot isassumedthatacoastaldefenceispresent,mostlikelyadike.Sealevelwillrise
againstthisdefenceandthewidthoftheshorewilldiminishintime.Thisismodelledbychangingthe
constantheadboundaryoftheshoreanddune'sfirstlayer.ResultsaregiveninFigure3.lntime,theshore
becomeslesswide.Thereforetheflowcycleinthesalt-waterlens,wheresalt-waterinfiltratesonthe
backshoreandflowsoutontheforeshore,becomessmaller.Resultisthatthesalt-waterlensdimensions
arediminishing.Intheend,whennoshoreispresent,a typicaltextbookwaterqualitydistributiona d
interfaceb tweenfreshandsalt-watervolves.Ofnoteisalsotheseawardshiftofthedune'swaterdivide
after500yearsbecauseitsboundaryconditionsarealtered(theconstantheadonthebackshoreisnow
larger).
Inasecondscenariotisassumedthatacoastaldefenceispresent(forinstanceadike)andthatheshore
isheightenedwiththesameamountasthesearises,forinstancebysandsuppletion.Thus,thewidthof
theshoreremainsalwaysthesame.Thisisagainmodelledbyalteringtheconstantheadboundaryinthe
firstlayerontheshoreandsea.ResultsaregiveninFigure4.Becausethemeansealevelandthelevelof
theshoreriseintime,boundaryconditionsareimportantlychangedandthedune'swaterdivideshifts
seaward.Therefore,l ssfresh-waterflowstowardstheseaandthedimensionsofthefresh-waterongue
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Figure3.Waterqualityevolution,fresh-waterheadandflowundertheshore,dunesandpolderalongtheFrench-
Belgianborderwithasealevelriseof0.4mandinthecaseacoastaldefenceispresent.Thisisshownfor2100
AD,2250ADand2500AD.linesofconstantfresh-waterheadareindicatedtogetherwithisoconcentrationlines
andgroundwaterflowanditsvelocityusingarrows.
diminish.Thisalsomeansthatthedimensionsofthesalt-waterlensenlarge.
Inathirdscenariot isassumedthathecoastlineisretreating:thewidthoftheshoreremainsconstant
butitmovesinland.Thetransitionbetweenpolderanddunesdoesnotchangemeaningthathewidthof
thedunebeltdecreases.Additionallytheshoreis heightenedinparallelwithsealevelrise.Thisisa
simplificationofthecasewherenocoastaldefenceispresentandthecoastlinehastoretreatduetothe
sealevelrise.Thisisagainmodelledbyalteringtheboundaryconditionsofthefirstlayer.Thepositionof
thedune'swaterdivideishereagainveryimportant.Thiswaterdividemovesrelativelyinthedirectionof
theseameaningthatlesswaterflowsfromthedunestowardsthesea.Asseenbefore,thisleadstoan
enlargementofthesalt-waterl ns.Atacertainpointintimethesalt-waterlenswillreachthesubstratum
ofthegroundwatereservoireliminatingtheflowoffresh-waterfromthedunestowardsthesea.Thisis
completedwhenthedune'swaterdivideispositionedonthetransitionbetweentheshoreandthedunes
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Figure4.Waterqualityevolution,fresh-waterheadandflowundertheshore,dunesandpolderalongtheFrench-
Belgianborderwithasealevelriseof0.4mandinthecaseadikeispresentandtheshoreisheightened.This
isshownfor2100AD,and2250AD.Unesofconstantfresh-waterheadareindicatedtogetherwith
isoconcentrationlinesandgroundwaterflowanditsvelocityusingarrows.
andfresh-waterisnolongerallowedtoflowtothesea.Witha furthersealevelrisesalt-waterinfiltrates
onthebackshore.ThereIsflowof salt-watertowardstheseaandtowardsthepolder.Thisdiminishesthe
dune'sfresh-waterlensimportantly.
Conclusions
UndertheshoreofthewesternBelgiancoastalplain,aninterestinginversedensitydistributionisfound.
A salt-waterlensoccursabovea fresh-watertongue.Thisis thecombinedeffectof a permeable
groundwaterr servoir,awideshorewithlowdipandanimportanttidalamplitudewherebysalt-water
infiltratesonthebackshoreduringhightideandflowsoutontheforeshore,principallyduringlowtide.A
fresh-waterlensis presentin thedunesandsalt-wateris foundin theborderingpolder.Withthe
simulationsitwasshownthatsealevelrisehasanimportantimpactonthegroundwaterflowandwater
qualitydistributioninthedunesandundertheshore.Theshore'ssalt-waterlenscanenlarge,diminishor
evencompletelydisappear.Thesamecanbesaidabouttheoutflowofthedune'sfresh-wateronthesea
floor.Inthedunes,thewaterdividecanshiftlandwardsorseawardsandthedimensionsofthefresh-water
lenscanalter.
Sealevelriseis,speakingintermsof policyandmanagement,consideredasa long-termissue.The
calculationscan,however,alsobeenseenassimulationsofchangestothesystemsboundarycondition.
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Figure5.Waterqualityevolution,fresh-waterheadandflowundertheshore,dunesandpolderalongtheFrench-
Belgianborderwitha sealevelriseof0.4mandinthecasethecoastlineisretreating.Thisisshownfor2100
AD,2250AD,2375AD and2500AD.linesofconstantfresh-waterheadareindicatedtogetherwith
isoconcentrationli esandgroundwaterflowanditsvelocityusingarrows.
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Thereby,theyshowwhatcanhappenifforinstancetheshore'smorphologyischanged,rainagel velsin
thepolderrelativetothemeansealevelarealteredorthedune'swaterdivideisdisplaced.Theseareshort-
termoperations.Simulationshowthatimportantchangesto thegroundwaterflowandwaterquality
distributioncanbetheresultofthat.TheareaofandsurroundingtheWesthoeknaturereservehasahigh
ecologicalvalueandrichdiversityof faunaandflorapartiallyoriginatingfromthe underlying
hydrogeology.Moreoverthedunesaretheonlysourcefordrinkingwaterproductioninthearea.Therefore
generallyhumaninterferenceincoastalplainsmustbecarefullystudiedandplannedbeforehand.
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